A combined electrocoagulation (EC) and electrochemical oxidation (EO) industrial textile wastewater treatment potential is evaluated in this work. A fractional factorial design of experiment showed that EC current density, followed by pH, were the most significant factors. Conductivity and number of electrooxidation cells did not affect chemical oxygen demand degradation (DCOD). Aluminum and iron anodes performed similarly as sacrificial anodes. Current density, pH and conductivity were chosen for a Box-Behnken design of experiment to determine optimal conditions to achieve a high DCOD minimizing operating cost (OC). The optimum to achieve a 70% DCOD with an OC of USD 1.47/m 3 was:
INTRODUCTION
Currently, industrial textile wastewater (TWW) treatment, a complex process, is the focus of research. In textile manufacturing processes, different dyes and auxiliary products (e.g. organic acids, fixing agents, reducing agents, and oxidizing agents) are released into residual waters (Soares et al. ) . The resulting effluents are a major environmental problem if not properly treated before discharging them into water bodies or municipal wastewater treatment facilities (Alinsafi et al. ) . TWW has intense color, high organic compounds concentration (i.e. chemical oxygen demand (COD) ranging from 200 to 3,000 mg/L) (Phalakornkule et al. ) , low biodegradability ratio (i.e. BOD 5 /COD ratio < 0.35) (Ghanbari & Moradi ) and a large amount of total suspended and dissolved solids (Verma et al. ) .
Different approaches proven to be effective in the reduction of color and COD have been made to address TWW treatment: coagulation/flocculation (Verma et al. ) , electrochemical coagulation (Tezcan & Aytac ) , Fenton processes (Sreeja & Sosamony ) , electrochemical oxidation (EO) (Moreira et al. ) and peroxi-coagulation (Ghanbari & Moradi ) . However, every method has shortcomings: (i) ozonization is efficient for color removal but inefficient for COD reduction; (ii) chemical and electrochemical coagulation processes are useful to completely remove suspended solids, but not highly soluble organic compounds (Verma et al. ) . To overcome the limitations of a single-stage treatment of TWW, multi-stage treatments have been proposed to achieve higher pollutant elimination efficiencies. The combination of chemical and electrochemical coagulation with advanced oxidation process (AOPs) has been addressed and proven to be highly efficient to treat diverse wastewaters (sugar cane distillery (Rodrigues et al. ) , landfills (Amor et al. ) , textile (GilPavas et al. ) . To the best of our knowledge, a combined TWW treatment by electrocoagulation (EC) and EO in a multistage continuous reactor has not been reported.
In the combined TWW treatment, EC uses a sacrificial anode that, when subject to electric current in-situ, releases metal cations that destabilize and aggregate particles into a floc of metallic hydroxides and polyhydroxides (Alinsafi et al. ) . Simultaneously, H 2 bubbles are formed in the cathode that induce sludge flotation. EC removes the smallest colloidal particles, as opposed to traditional flocculation and coagulation, and generates small amounts of sludge (Gatsios et al. ) . This method has been successfully applied to treat various industrial wastewaters (Gatsios et al. ; Moussa et al. ) . Generally, iron or aluminum electrodes are used for EC due to their low cost, availability, and formation of mainly amorphous metal oxides/hydroxides/oxyhydroxides with excellent adsorption properties of soluble species. Metal oxidation at the anode is described by Equation (1), where Z is the number of electrons transferred in the anodic dissolution process. Equations (2) and (3) describe the hydroxide formation from Al and Fe metal ions. EC's mechanism has been described (Hakizimana et al. ) .
TWW treatment at bench scale experiments by EC has been done, but industrial employment of EC has not received much attention. However, this method is becoming popular because of its environmental compatibility, versatility, energy efficiency, safety, selectivity, amenability to automation and cost effectiveness (Moussa et al. ) . The efficiency of EO is highly dependent on pollutants' mass transfer from the bulk to the anode surface or its vicinity. Two very distinct behaviors of organic pollutants degradation, depending on the anode material (AM), have been reported: (i) partial organics DCOD, along with the formation of many refractory species as final products, and (ii) large or total organics mineralization, i.e., conversion into CO 2 , water and inorganic ions, together with the production of few or nil amounts of refractory intermediates.
Subsequent EO produces reactive oxygen species to oxidize the remaining organic pollutants resistant to EC destabilization. EO's main decontamination pathway consists of pollutant oxidation by a chemical reaction with electrogenerated hydroxyl radicals (
• OH) from water discharge at the anode M such as chemisorbed 'active oxygen' (oxygen in the lattice of a metal oxide anode MO) or physically adsorbed 'active oxygen' (physisorbed
M(
• OH)) (Brillas & Martínez-Huitle ). Carbonaceous materials such as graphite have been widely used in EO due to their great working potential window, low cost, low density, large surface area, compressibility, high electrical conductivity and good electron transport capacity. Also, graphite can bear very high current density, is chemically inert and has low resistivity. In addition, graphite was used as the anode because O 2 overpotential is high on graphite while Cl 2 overpotential is low, so this would increase current efficiency of Cl 2 evolution. Graphite anodes also generate active chlorine when Cl À species are present. Equations (4)- (7) explain the mechanism of • OH radical formation and chlorine species DCOD.
Water may be oxidized, and leads to formation of hydronium cations and oxygen gas (Equation (5)), and in the presence of chloride anions, Cl À may be oxidized into Cl 2 (Equation (6)). The latter, being a strong oxidant, may contribute to the oxidation of dissolved organic compounds or may lead to the formation of ClOH (Equation (7)), which also plays the role of oxidant (Kariyajjanavar et al. ) .
For EC, selection of a proper sacrificial AM is critical, since it determines the reactions that take place. Al and Fe electrodes are the most widely used due to their proven reliability and availability (Moussa et al. ) . Initial pH is important because it affects zeta potential and the nature of the released cations. For Al and Fe anodes, the conclusion that maximum performance is attained at a pH range of 5 to 9 has been reached (Gatsios et al. ; Kobya et al. ) . Current density (i.e. applied current per area of electrode) determines the amount of metal ions released from the anode (Brillas & Martínez-Huitle ). The effect of current density on the process efficiency has been reported (Kobya et al. ) . The optimal range of current density strongly depends on the nature of the sample under study, pH and flowrate (Moussa et al. ) . Other factors include conductivity, because at high levels the energy required to carry out the process is reduced. Use of NaCl has been reported to induce the formation of chlorine species that increase process efficiency (Khandegar & Saroha ) . NaCl is usually employed to increase wastewater's conductivity. Beside its ionic contribution in carrying the electric charge, it has been found that chloride ions could significantly reduce the adverse effect of other anions such as HCO 3 À , SO 4 2À . The addition of NaCl also decreases power consumption because of the increase in conductivity (Brillas & Martínez-Huitle ). The number of electro-oxidation cells (NEOC) for EO also affects the process because using multiple cells increases the available area for the electrodes for the oxidation reaction, and the effect of using one or two electrooxidation cells is evaluated in this work. This work pursues at laboratory scale a coupled EC and EO process in a multi-stage continuous reactor (EC/EO) for treatment of TWW from an industrial facility located in Medellín, Colombia. EC/EO should be capable of removing dissolved and suspended organic pollutants and clarifying the effluents. To achieve this: (i) TWW was characterized for organic matter content (COD, biochemical oxygen demand (BOD 5 ), total organic carbon (TOC)), total solids (TS), turbidity, conductivity and biodegradability (BOD 5 / COD ratio). (ii) The influence on COD removal efficiencies of several factors such as current density, conductivity, AM, pH and the number of electrochemical cells was evaluated for the industrial TWW by EC/EO, using a fractional factorial experimental design. (iii) A Box-Behnken experimental design (BBD) response surface methodology (RSM) was done to determine the optimal operation conditions for achieving maximum DCOD efficiency, taking into account the statistically relevant factors. This optimization is done by simultaneously analyzing all germane factors, taking into account synergistic effects of changing variables couples (i.e. interactions of variables are also considered). (iv) Reproducibility of optimal conditions was assessed. This study deals with industrial TWW and uses a continuous reactor approaching more realistically the scale-up of electrochemical AOPs.
MATERIALS AND METHODS

Materials
TWW was collected from a textile industry from Medellin, Colombia. This facility focuses on the production of denim jeans and generates an average of 800 m 3 /day of TWW as a result of pre-washing, washing, dyeing and finishing steps where industrial detergents, dyes and other chemical compounds are released as TWW. Samples were kept at 4 W C to avoid DCOD during storage, following APHA's standard procedures (APHA ). All analytical grade reagents including H 2 SO 4 (98%), NaOH pellets (99%) and NaCl (99.5%) were bought from Merck and used as received. All solutions were prepared using ultra-pure water (Milli-Q system; conductivity < 1 μS/cm).
Methods
TWW was characterized for pH, conductivity, absorbance (660 nm), turbidity, TS, COD, TOC, BOD 5 , BOD 5 /COD ratio, and generated sludge, using APHA's Standard Methods (APHA ): (i) a UV-VIS double-beam spectrophotometer equipped with a 1 cm path length quartz cell (Spectronic Genesys 2 PC) was used to measure the absorbance spectra in the range of 200-700 nm; (ii) COD was determined following the closed reflux method with colorimetric determination (method 5220D); (iii) TOC was determined following method 5310D; (iv) BOD 5 was determined following the respirometric method (5210B); (v) turbidity was determined with an Orbeco-Hellige turbidimeter (Model 966-01), following 2130B standard method; (vi) APHA's 2540D standard method was employed for TS measurements. Triplicate measurements were performed for all analyses.
Reaction system
A multistage continuous reactor, shown in Figure 1 , was used for EC/EO treatment. TWW was fed to the reactor with a Masterflex L/S peristaltic pump model 77521-57 operating at 6.75 mL/min. Sludge formed at the EC cell was collected and characterized by X-ray fluorescence spectroscopy as shown in the supplementary material (available with the online version of this paper) and TWW supernatant with no sludge from the EC cell (i.e. sludge formed precipitates at the EC cell) then fed EO cells to end TWW treatment. A Plexiglas reactor continuously stirred at 60 RPM, with 0.2 L volume and a retention time of 29.63 min, was used for all experiments. The reactor was divided into three compartments with vertical baffles to avoid fluid channeling. The first compartment was used for EC with Fe or Al sacrificial anodes coupled to a titanium cathode. Sludge generated at EC's compartment precipitates while the supernatant flows to EO's cells with no solids. Ti, which has high corrosion resistance, high current efficiency, long working life, high current density, light weight and stable operating voltage, was used to generate active chlorine species for Fe 2þ oxidation.
The subsequent compartments are used for EO with graphite anode and Ti cathodes. All electrodes have dimensions of 4 cm × 2.5 cm × 0.6 cm. Current density for EO was fixed at 10 mA/cm 2 for all experiments (according to preliminary tests, not shown here). Bear in mind that the uncoupled EO and EC individual processes could be further optimized by studying the effect of j EO , j EC , pH, and Cd on DCOD for each process. But, when EO is coupled with EC, pH and Cd are the same for both processes and the remaining variables that can be manipulated are j EO and j EC . However, as EC and EO are coupled, one cannot pinpoint how each individual process was affected by the studied factors. The gap between each electrode pair was set at 1 cm. The voltage was regulated with a BK-Precision (Yorba Linda, California) source (0-30 V, 0-5 A). The generated sludge in the EC stage is separated from the surface to a deposit at the end of the reactor, while the treated water flows through a channel at the bottom to be sampled.
Statistical model and experimental design
Two statistical experimental designs were used to systematically evaluate the effect of the operational factors on the process efficiency to remove organic matter presented in the TWW sample. (i) A 2 5-1 fractional factorial design of experiment was used to establish which factors (i.e. current density ranging between 1 and 5 mA/cm 2 , initial pH ranging between 4 and 10, conductivity from 3.7 mS/cm up to 5.3 mS/cm, NEOC (one and two cells), and AM (Fe and Al)) affect the most the DCOD process.
(ii) A 15 run BBD was done to establish the optimal levels of factors to minimize operating costs (OC) at a desired organic matter DCOD (GilPavas et al. ) by selecting the three most significant factors detected by the aforementioned fractional factorial design of experiments (i.e. pH, conductivity and current density) and fixing the remaining factors at specific values per cost considerations (i.e. AM was chosen to be iron, and a single electrochemical cell was used). The retention time was 29.63 min. Two replicates were performed for each treatment and the average was reported. When the deviation between both replicates was larger than 4%, both replicates were discarded and the run was repeated. The response variables for the experimental design were COD DCOD (DCOD), calculated with Equation (8), and OC calculated with Equation (9).
where COD i is the initial COD and COD t is the COD at time t. where V r (m 3 ) is the reaction volume of both EC and EO stages. The first term represents the cost of the anode consumed (USD/kg) per Faraday's law with a safety factor of 20% (i.e. Faraday's law is multiplied by 1.2), where M is the molecular weight (kg/kmol) of anode, I is the electric current (A), t is the retention time (h), n is the amount of electrons transferred, and F is Faraday's constant (26,801.4 Ah/kmol). The second term corresponds to the energy spent in the process with V as the applied voltage (V), S is the amount of NaCl used (kg) and D is the sludge generated (kg). OC is calculated using Colombian official agency of statistics figures from 2017 (i.e., anode's material cost of USD 0.9/kg, energy cost of USD 0.2/kWh, NaCl cost of USD 0.2/kg, and solids disposal cost of USD 27/ton of sludge) in Equation (9).
The percentage of color removal was also measured according to Equation (10).
where Abs i and Abs t are the initial absorbance at 660 nm, and absorbance at 660 nm, at time t, respectively. RSM's BBD results were adjusted to a second-order model as in Equation (11) using Statgraphics Centurion XVI Software:
where β 0 , β i , β ii , β ij are the regression coefficients for the intercept, linear, square, and interaction terms, respectively; and X i and X j are independent variables. The quality of the model and capacity to estimate experimental results was assessed with the adjusted determination coefficient, R 2 adj . Details of this methodology have already been reported before (Ghanbari & Moradi ; GilPavas et al. ) . An exhaustive search algorithm using Microsoft Excel VB was used to determine optimum operating conditions that minimize OC while reaching a desired DCOD with the regression models obtained from the analysis of the BBD.
RESULTS AND DISCUSSION
In Table 1 it is possible to see that several physico-chemical parameters of TWW are larger than the permissible limits (e.g. COD, and BOD 5 /COD ratio). TWW shows an intense blue color mainly due to the presence of indigo dye, which represents a high percentage of the organic compound load. TWW also has a high conductivity due to the presence of different salts. Moreover, TWW has a COD almost twice the permissible COD value limit. This implies that large amounts of non-biodegradable organic matter are present in TWW. In fact, the initial BOD 5 / COD ratio of 0.19 (< 0.4) indicates that the effluent is not biodegradable (GilPavas et al. ). Although the legally permissible limit for organic compounds is usually expressed in the terms of COD, in this study the TOC evolution was also monitored.
Preliminary fractional factorial design 2
5-1
Experimental conditions evaluated in the preliminary fractional factorial design of the experiment are presented in Table 2 along with the response variable DCOD. DCOD ranged from 8% to 78%. The objective of this set of runs was to find the factors that affect most significantly DCOD by using a Daniel's plot, Figure 2 . Figure 2 displays the Daniel's plot with all effects and interaction alias and a line representing the normal distribution. Effects and interactions falling along the normal distribution line are deemed non-significant, while the remaining are significant. It can be seen that pH and j affect the most DCOD from this analysis, while the remaining factors (AM, Cd and NEOC) are not significant. A correlation analysis between all variables from the fractional factorial design of experiment is also performed to complement the analysis provided by Daniel's plot and prevent the exclusion of any relevant factor in the Box-Behnken design. The correlation coefficients of DCOD with j of 0.798, with pH of À0.564 and with Cd of À0.114, show a strong dependence of DCOD with j, and pH and a mild dependency on Cd. Neither AM nor NEOC are significantly correlated to DCOD (i.e. À0.021 and À0.067 respectively). Also, as current density increases, anodic dissolution is favored so that metallic sludge residues increase. Moreover, the amount of sludge increases with operating time. In textile industries, oxidizing agents, such as potassium permanganate, are used to decolorize and bleach fabrics. Also, a high concentration of chloride ions induces the NEOC's non-departure from the normal probability line in Daniel's plot indicates that the number of electrochemical cells is not significant for DCOD. EO process effectiveness is related to current density and retention time. Three reasons are hypothesized for the non-significance of NEOC: (1) retention time is not large enough to detect a significant change in DCOD, (2) current density is relatively low (10 mA/cm 2 ) to be able to increase process efficiency and (3) electrode's area change is not large enough to produce a significant change in DCOD. Therefore, a single electrooxidation cell was used in the subsequent Box-Behnken design of experiment.
AM and NEOC effects
Conductivity effect (Cd)
Despite not being detected as a significant factor by Daniel's plot, increasing conductivity reduces the energy required to carry out the process (Khandegar & Saroha ) . Therefore, we deem it important to include Cd in the BBD that also considers OC as a response variable. It can also be seen that despite not being detected as a significant factor in Daniel's plot in Figure 2 , Cd is the third most correlated factor with DCOD and its inclusion as a third variable with j and pH in the BBD, is also justified statistically.
pH effect
It can be seen that pH presents a large departure from the normal distribution line Daniel's plot in Figure 2 . Therefore, this factor is statistically significant on DCOD. Lower pH values result in increased DCOD, while higher values in lower DCOD. These results differ from other reports, when pH greater than 5 resulted in better coagulation or EC because at lower pH metal hydroxides, responsible for the precipitation of pollutants, are not formed (Gatsios et al. ) ; however, using EC simultaneously with EO can explain the discrepancy; also, the nature of the pollutant influences the coagulation efficiency. A different study of wastewater containing indigo dye showed that using a ferric salt coagulation was enhanced near acid pH (GilPavas et al. ). As pH is significant, it is evaluated at a wider range between 4 and 10 (i.e. in acid, neutral and alkaline conditions) in the forthcoming BBD. On the other hand, the action of active chlorine species in EO treatment with graphite is dependent on the solution pH. At a pH ca. 4.0, Cl 3 À is formed in very low concentration, whereas at a pH near 3.0, the predominant species is Cl 2 (aq). Meanwhile, the prevalent species at a pH range of 3-8 and for pH > 8.0 are HClO and ClO À , respectively. Then, Cl À mediated oxidation of dyes with these species is expected to be faster in acid media than in alkaline media because of the higher standard potential of Cl 2 (aq) (E W ¼ 1.36 V/SHE) and HClO (E
Current density effect (j )
According to Daniel's plot in Figure 2 , EC's current density ( j) is the most significant factor on DCOD from its departure from the normal distribution line. This is also confirmed by the high correlation between DCOD and j for the fractional factorial design. j determines the coagulant dosage at the anode and the hydrogen gas (H 2 ) evolution at the cathode governed by Faraday's law (Hakizimana et al. ) . A high level of j implies a fast consumption of the sacrificial electrodes and a high-energy cost associated with the voltage required to conduct the process, therefore, this factor is considered for the subsequent BBD experimental design, where the operational costs are also taken into consideration in the optimization analysis.
RSM Box-Behnken design of experiment optimization
The experimental conditions and response variables (DCOD) and OC are presented in Table 3 . DCOD varied between 6 and 73% while OC varied from 1.03 to USD 1.60/m 3 . Both DCOD and OC data were adjusted to second order polynomial models to determine the operating conditions that maximize DCOD at the least possible OC.
Multivariable non-linear regression modelling
The results for the multivariable regressions for OC and DCOD are shown in Table 4 . It can be seen, by examining p-values, that there are some factors and interactions that are not significant within a 95% confidence interval (i.e. p > 0.05) for the estimated parameter (i.e. β i ). For OC, the factors j, Cd and pH, the interaction j:Cd and the quadratic terms j 2 and Cd 2 are significant. The remaining interactions and pH quadratic term are not significant for OC. For DCOD, the factors j and pH, and the quadratic term Cd 2 are significant. None of the other factors, quadratic terms and interactions are significant for DCOD. Adequacy F-test for both response variables indicates that at least one of the factors, interactions or quadratic terms is different from zero and that both models are useful. This is further evidenced by the overall p-value reported for both regressions, which is much lower than 0.05 in both cases. The quality of fit of both models is very good, as evidenced by the multiple determination coefficient: R 2 ¼ 0.9758 for DCOD and R 2 ¼ 0.9997 for OC. The adjusted multiple correlation coefficient changed marginally with respect to the multiple determination coefficient for both DCOD and OC, indicating that there were enough data points to conclude soundly about the quality of fit. Also, predicted values by regression models and experimental values agree very well, as shown in Table 3 . The models for DCOD and OC, as in Table 3 , are shown in Equations (12) and (13). 
Process optimization
To determine the minimum attainable OC to achieve a DCOD higher than a specific desired value, the optimization problem depicted in Equation (14) coupled with Equations (12) and (13) 
This optimization problem is non-linear convex in a convex region which leads to the inference that an overall global minimum exists within the restrictions. However, as the objective function for the operating cost OC (pH, Cd, j) is flat near its minimum value and OC is discrete (because the minimum dollar denomination is USD 0.01), multiple optimum values are detected.
This optimization problem, solved using different initial guesses for pH, Cd and j, converged in the vast majority of the cases to pH ¼ 4 and Cd ¼ 3.7 mS/cm. high current density ( j) to increase DCOD. Notice also that at these conditions there is no cost for conductivity adjustment, implying that energy consumption reduction is not significant compared to the cost of NaCl and, therefore, it is preferable to operate at TWW's natural conductivity. As for pH, low pH is better for the EC/EO combined process, and the cost of H 2 SO 4 required to adjust pH is low compared to the energy cost.
Model validation and individual process contributions
In order to validate the capacity of the model to correctly predict DCOD and the stability of the process with time, the output of the reactor was monitored during 90 minutes at the optimum conditions of pH ¼ 4, Cd ¼ 3.7 mS/cm and j ¼ 4.1 mA/cm 2 to yield DCOD of 71.44% and OC of USD 1.47/m 3 . Also, individual stages of EC and EO processes were evaluated to determine their individual contributions to DCOD. Figure 3 shows that the coupled EC/EO continuous process stabilized at around DCOD of 72%, agreeing with the predicted value of 71.44% within experimental error. EC process contributes more to DCOD than EO (i.e. after EC, DCOD is 51%). It can also be seen that DCOD increases with time until 30 min, when DCOD Cd: 3.7 mS/cm, j EC : 4.1 mA/cm 2 and j EO : 10 mA/cm 2 ) on DCOD, (b) UV-VIS absorption spectra. levels off. This leads to the conclusion that the retention time should be studied in future research as it is a very relevant variable. These results can be explained by TWW's main pollutant (indigo dye), which is insoluble in water but remains suspended due to the effect of chemical additives used in the process. EC works by suspended solids destabilization and, therefore, it is highly efficient in removing indigo (Tezcan & Aytac ) . On the other hand, EO's mechanism is explained by the chemical oxidation of the pollutants with hydroxyl radicals formed at the electrodes, where this type of reaction is more efficient with soluble compounds (e.g. detergents present at low concentrations). The combination of EC/EO is able to obtain a high level of organic matter removal. However, in order to obtain efficiencies near 100%, conditions involving higher operational cost would be needed. In addition to DCOD, other TWW's physico-chemical parameters changed after EC/EO. Table 1 shows the physico-chemical properties of TWW before and after the EC. After EC/EO, total organic carbon (TOC) is reduced by 76% while BOD 5 (BOD) is reduced by 73%, implying that EC is efficient in removing a high content of organics. Turbidity removal was 95%, meaning that almost all suspended solids are removed from water by EC and that the remaining pollutants are soluble organic compounds that would require a more energy intensive EO stage to be completely removed. TS are reduced by 54%. Also, in Table 1 , BOD 5 /COD of raw wastewater is 0.19, indicating that the biodegradability of this wastewater is very low. BOD 5 /COD value increased to 0.44 after EC/EO processes. pH of treated TWW is substantially reduced so that further adjustment is necessary before discharge. As can be seen in Figure 3 (b), before treatment (t ¼ 0 min), the UV-vis spectrum consists of two main characteristic absorption bands: at 290 nm, assigned to benzenic rings; and at 660 nm, assigned to indigo dye. After 30 min of reaction, the band at 660 nm disappeared and the color of the solution was completely degraded. However, the other band at 290 nm remains, and aromatic compounds removal is ca. 
CONCLUSIONS
In this study, TWW from the fabrication of denim was treated using a multistage EC/EO continuous reactor. TWW contained a high load of organic compounds represented in a COD of 702 mg/L and a TOC of 225 mg/L, a total amount of solids of 4.59 g/L with a turbidity of 142 NTU and a low biodegradability ratio BOD 5 /COD of 0.19, unfit to be treated by biological based treatments. DCOD kinetics of TOC remain to be studied in future works. The main conclusions obtained from experimental results are as follows:
• Iron or aluminum sacrificial anodes present similar performance efficiencies in the EC stage; since aluminum is more expensive than iron, the latter is selected as the best electrode material to carry out the process.
• Optimum operating conditions to achieve a DCOD of 71.44% at a minimum OC of US $1.47/m 3 were pH ¼ 4, Cd ¼ 3.7 mS/cm and j ¼ 4.1 mA/cm 2 . Validation of the selected conditions showed that the efficiency of the process was stable during 90 minutes of operation.
• Individual contribution to DCOD from EC and EO showed that EC alone resulted in DCOD of 51%, while EO contributed with 21% of DCOD. The larger contribution of EC is explained by the large amount of suspended solids in TWW (mainly indigo dye).
• Combined EC/EO increased TWW's treatment efficiency because color removal was near 100%, DCOD was larger than 70%, TOC's reduction was larger than 60%, and biodegradability increased to a BOD 5 /COD ratio of 0.44 at an OC of USD 1.47/m 3 .
This study showed the potential of a continuous multistage EC/EO reaction system for the treatment of industrial wash water resulting from the denim wash manufacturing processes. It can be concluded that the integrated technology is a suitable alternative for industrial TWWs.
